Abstract-A high-speed quasi-distributed fiber optic sensing technique is proposed. A sensing link consisting multiple identical fiber Bragg gratings (FBGs) was interrogated by a pulsed light source, and a dispersive unit at the receiver end was used to convert the wavelength shifts of the reflected pulses into time-delay changes. This Bragg wavelength-dependent time delay can be accurately calculated by a fast cross-correlationbased algorithm, enabling distributed high-speed sensing. This technique is experimentally demonstrated using a sensing link containing 2014 FBGs with a reflectance of about −35 dB. A wavelength resolution of 9.03 pm was achieved without any data averaging. Dynamic strain was applied to one of the FBGs, and corresponding wavelength variation was measured at a sampling rate of 20 kHz, obtaining a dynamic resolution of <0.3 pm/ √ Hz.
High-Speed Distributed Sensing Based on Ultra Weak FBGs and Chromatic Dispersion
Lingmei Ma, Cheng Ma, Yunmiao Wang, Dorothy Y. Wang, and Anbo Wang
Abstract-A high-speed quasi-distributed fiber optic sensing technique is proposed. A sensing link consisting multiple identical fiber Bragg gratings (FBGs) was interrogated by a pulsed light source, and a dispersive unit at the receiver end was used to convert the wavelength shifts of the reflected pulses into time-delay changes. This Bragg wavelength-dependent time delay can be accurately calculated by a fast cross-correlationbased algorithm, enabling distributed high-speed sensing. This technique is experimentally demonstrated using a sensing link containing 2014 FBGs with a reflectance of about −35 dB. A wavelength resolution of 9.03 pm was achieved without any data averaging. Dynamic strain was applied to one of the FBGs, and corresponding wavelength variation was measured at a sampling rate of 20 kHz, obtaining a dynamic resolution of <0.3 pm/ √ Hz.
Index Terms-Gratings, time division multiplexing, optical fiber dispersion.
I. INTRODUCTION

F
IBER optic sensing has attracted significant research efforts worldwide because of its high sensitivity, immunity to electromagnetic interference, ability to operate in harsh environment and capability of sensor multiplexing or distributed measurement. Compared with single-point measurement, distributed sensing is popular for applications in civil infrastructure, industrial process monitoring, oil/gas downhole measurement and national defense and security due to its large-scale measurement capability [1] - [3] . In the past few decades, many distributed sensing techniques have been successfully demonstrated, such as Brillouin optical time domain analyzer (BOTDA), Raman distributed temperature sensing (DTS) and optical frequency domain reflectometry (OFDR) [4] - [6] . Despite their success in various areas, none of them is capable of simultaneous fast-response and long-range operation. One widely used sensing element in distributed sensing is fiber Bragg grating (FBG), which can be fabricated in the fiber drawing process and interrogated using time division multiplexing (TDM), wavelength division multiplexing (WDM) or optical frequency domain reflectometry methods [7] - [11] . WDM-based FBG interrogation can be high-speed, but the total number of sensing elements is dedicated by the source spectral range and is usually limited to no more than a few dozens [7] . TDM method often employs wavelength scanning or delay of a gating switch thus sensing speed is limited [8] - [11] . OFDR has been used for dense multiplexing of wavelength reflecting FBGs and in [12] , as many as 3000 FBGs were multiplexed in four fibers, each with length of 8m. However this technique has the drawback of relatively short sensing range, limited by the coherence length of the tunable laser.
In this letter we proposed and demonstrated an ultra-weak FBG (UW-FBGs) based-distributed optical fiber sensing technique which is intended to achieve fast response as well as high multiplexing capacity. Different from previously reported schemes which also use dispersive components to resolve wavelength shift of FBGs [13] - [15] , the scheme proposed here does not require FBGs with different wavelengths and it is capable of high capacity of multiplexing and large sensing range.
The rest part of this letter is organized as follows: section II introduces the principle of the operation and discusses the factors determining the sensing speed and spatial resolution. Section III presents the algorithm for signal demodulation and analyses the influence of crosstalk and power depletion. Section IV talks about the measurement results of a sensing link consisting of 2014 ultra-weak FBGs, from which both static and dynamic strain responses were obtained. Section V gives a brief summary of this letter.
II. PRINCIPLE OF OPERATION
A. Scheme of the System
As Fig. 1 shows, the system consists of four major parts: a light source, a sensing link, a dispersion unit and a detection subsystem. The light source has a pulsed output and several-nanometer spectrum bandwidth, chosen by the desired FBG center wavelength variation range as well as the wavelength uniformity of the gratings in the sensing link. The pulse width is chosen based on the spatial resolution and the sampling rate in the data digitization. Narrower pulse allows smaller spatial resolution, but there is a lower limit to the pulse width because a sufficient number of sampling points are required in signal demodulation and ADC's sampling rate is finite. Output of the light source is connected to port 1 of an optical circulator, and the pulse is injected to the sensing link via port 2.
The design of the sensing link, which cascades thousands of identical UW-FBGs, significantly simplifies sensor fabrication and minimizes the required bandwidth of the light source. For FBGs having a strain sensitivity of 1 pm/με, to achieve strain measurement with a range of 5000 με, the required bandwidth of the light source is 5 nm. The injected pulse will be reflected by each grating in the sensing link and produces a pulse train, in which the wavelength of each pulse is dependent on the local environment.
Since the light source is designed to cover all the FBGs' reflection peaks in the spectrum domain, each grating will reflect part of the power of the input pulse and a train of pulses will exit port 3 of the circulator. An erbium doped fiber amplifier (EDFA) is used to ensure enough power is received by the photodetectors.
After being amplified by the EDFA, the pulse train enters the dispersive unit, which is a 1×2 fiber coupler containing dispersive element in Arm 1 and a standard single mode fiber in Arm 2. The single mode fiber is used to balance the two arms, making sure the two sets of pulses can be detected by the photodetectors (PD) approximately at the same time. The dispersive unit introduces a detectable wavelength-dependent delay τ between the two pulses, which are originated from the same FBG but arriving at photodetectors via different arms of the dispersive unit. The pulse delay τ is defined as follows:
In (1), t 1 and t 2 are arrival times of pulse from Arm 1 and Arm 2, respectively. This translates spectrum measurement to a simpler pulse-delay measurement, avoiding wavelength scanning. The spectral-temporal conversion is in principle analogous to the dispersive Fourier transformation, which is widely used in spectroscopy, fast laser scanning and photonic assisted analog-to-digital conversions [16] .
At the output of the dispersive unit, the change of the delay, τ , of a pulse pair reflected by the same FBG is a function of the FBG wavelength change λ:
Here D is the dispersion parameter (in ps/nm/km) and L is the length of the dispersive unit. This scenario is depicted in Fig. 2 (a) and (b), in which τ is given by τ 2 − τ 1 . Equation (2) can also be used to determine the wavelength difference between any two FBGs, as shown in Fig. 2. (c) . When two FBGs with different wavelengths are measured, the delay difference reflects the wavelength difference between the two. Based on this, a calibrated FBG kept in a stable environment can be used as a reference to determine the wavelengths of the other FBGs in the same link.
B. Sensing Speed and Spatial Resolution
For a sensing range of L s , each pulse train will have a duration of 2L s /v g , where v g is the group velocity of light in the fiber. To avoid overlap of the returning signals from consecutive measurements, the time interval between the two input pulses should be greater than the duration of the received pulse train. So the maximum rate of measurement is:
Another way of detecting the signal is to combine the signals from arms 1 and 2 using a fiber coupler, then only one detector is needed at the expense of a 3 dB power loss. Also, imbalance of the arms has to be adjusted such that there is no overlap between the signals from the two arms. Then the duration of the signal from each measurement becomes 4L s /v g , and the maximum rate of measurement is half of the value given in equation (3) .
Spatial resolution is mainly determined by the pulse width and the maximum pulse delay expected in a certain application. The extreme condition is that two adjacent FBGs experience maximum but opposite environment change, causing the two pulses to shift towards each other. The minimum spatial interval L should be chosen so that overlap does not occur even in this case, and it is expressed as:
In equation (4), τ max is the maximum delay experienced by pulse in the extreme condition, T X % is the pulse width measured at X% of the peak of its peak amplitude. X should be small enough that even if two pulses have overlap at this level, crosstalk is insignificant.
III. ALGORITHM AND PERFORMANCE ANALYSIS
A. Signal Demodulation
Cross-correlation and parabolic curve fitting are used to demodulate the time delay in equation (1) . After data acquisition, the two pulses from an FBG are located from the data sequence using two time windows with the same length. Denoting P 1 and P 2 as the N-point long discrete sampling sequences from the two pulses, the cross-correlation sequence, denoted as C, is expressed as:
C has a length of 2N − 1 in equation (5). The two pulses are originated from the same FBG so they have similar shape and the cross-correlation curve will be symmetric, which makes parabolic curve fitting feasible. By applying parabolic curve fitting to the data points in the close vicinity of the peak of the cross-correlation curve, a more accurate peak position I can be calculated, and the delay between the two pulses is given by:
where t is the sampling interval and T 1 and T 2 are the start times of the two windows, respectively. This algorithm can be implemented with a field programmable gate array (FPGA) or a digital signal processor (DSP) for high-speed data processing.
B. Crosstalk and Power Depletion
When a large number of identical FBGs are multiplexed, the power reflected by the n-th FBG gets lower as n gets larger because the incident power on it is weakened by the previous FBGs. Power could be depleted if the total number of FBGs is large enough. The first order crosstalk, which comes from the light reflected two more times by FBGs other than the target FBG but arriving at the detector at the same time with the real signal, can also affect the performance of the system. Both of the power depletion and crosstalk can compromise the signal to noise ratio thus influence the performance of the system, and they have been theoretically analyzed in [10] and [11] . Fig. 3 plots the dependence of the reflected power and the first order crosstalk against the number of serial gratings when the FBGs have −35 dB reflectance, assuming the fiber has a loss of 0.22 dB/km and an input power of 0 dBm. The calculation shows that for 2,000 gratings with a spacing interval of 1 m, the crosstalk is around −7 dB and the pulses reflected from the last FBG is about 6.5 dB weaker than the one from the first FBG. Lower crosstalk can be achieved by using weaker gratings or reducing the total number of gratings.
IV. EXPERIMENT AND DISCUSSION
A. Experiment
A superluminescent diode (SLD, Thorlabs S5FC1005P) was filtered by a tunable bandpass filter (Santec OTF-350) with bandwidth of 6 nm before being chopped to pulses by an optical shutter (Thorlabs SOA1013SXS) to act as a pulsed light source. The pulses at the output of the shutter have a temporal width of 2 ns, a repetition rate of 20 kHz and a center wavelength of 1553 nm. The peak power of the pulses was amplified by an EDFA with 20 dB gain to 2 W before being injected into the sensing link. As many as 2014 FBGs were multiplexed to form a sensing link with a spatial interval of 1 m. The gratings had reflectances around −35 dB, bandwidths of about 0.11 nm and wavelengths around 1552.5 nm with less than 1 nm variations. Fig. 4(a) shows a typical reflection spectrum of the UW-FBG.
The dispersive element in Arm 1 was a section of 22 km-long dispersion compensating fiber (DCF). A spool of approximately 22 km-long single mode fiber (Corning SMF28) was added to Arm 2 to synchronize the two sets of pulse sequences. PD1 and PD2 are two avalanche photodetectors (APDs) with bandwidth of 250 MHz and the data were collected by an oscilloscope (Teledyne LeCroy Zi725) at a sampling rate of 40 GS/s and a bandwidth of 2.5 GHz. Fig. 4(b) shows two pulses reflected by the same FBG but went through different arms in the dispersive unit. It is noticed that the pulses are nearly identical only with slight pulse width difference, which is from the chromatic dispersion induced pulse broadening.
The λ to τ conversion factor was measured to be −2.737ps/pm, by direct injection of a wavelength-tunable pulse to the dispersive unit and calculation of the delay between the pulses received by PD1 and PD2 as the wavelength is tuned. This result at the same time shows the system's ability to sensitively detect any random variations in the center wavelength of any grating in the FBG array. Fig. 6 plots the standard deviation (STD) of wavelength against the number of averaging of a randomly picked FBG located about 1000 m from the light source. Each standard deviation was calculated from 50 consecutive measurements. Without data averaging, the STD of wavelength is 9.03 pm, and the value reduces monotonically as the number of averaging increases. With 10 times of averaging, the STD reduces to 2.90 pm as a result of increased signal-to-noise ratio at the expense of measurement speed.
B. Static Strain Response
C. Dynamic Response
To evaluate the dynamic response, the last FBG in the sensing link was attached to a cylindrical piezoelectric transducer (PZT) driven by a sinusoidal signal with tunable frequency. Data were captured by the oscilloscope at every external trigger, which was synchronized with the input light pulse. Fig. 7 presents the spectral density of the time dependent wavelength variation. High-order harmonics can be observed in the results, which may come from the sinusoidal signal applied to the PZT or the nonlinear response of the PZT itself. If the harmonics are ignored, the noise level is less than 0.3pm/ √ Hz in the frequency range of 0 Hz to 10 kHz.
V. CONCLUSION
In summary, a high-speed distributed fiber sensing system is proposed and experimentally demonstrated. Its sensing speed is mainly determined by the sensing span, and the spatial resolution is dependent on the pulse width of the light source and the target sensing range. Using a sensing link consisting of 2014 FBGs with reflectance of about −35 dB and spatial interval of 1 m, static wavelength measurement gave a resolution of 9.03 pm without averaging. Dynamic resolution of about 0.3 pm/ √ Hz was achieved at a sampling rate of 20 kHz.
